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Abbreviation Full Name 
7SK snRNP 7SK small nuclear ribonucleoprotein, Hexim1/7SK/ P-TEFb
ATP Adenosine-triphosphate 
Brd4 Bromodomain-containing protein 4 
CAK CDK-activating kinase 
CTD C-terminal domain 
DRB 5,6-dichloro-1-b-D-ribofuranosyl-benzimidazole 
DSIF DRB-sensitivity inducing factor 
GTF General transcription factor 
HDAC Histone deacetylase 
HIV-1 Human immunodeficiency virus type 1 
HMBA Hexamethylene bisacetamide 
HSF High salt fraction 
LTR Long terminal repeats 
LSF Low salt fraction 
NELF Negative elongation factor 
NTEF Negative transcription elongation factor 
PIC Preinitiation complex 
PolⅡ RNA polymeraseⅡ 
P-TEFb Positive transcription elongation factor b 
SBHA Suberic bishydroxamate/Suberoyl bishydroxamic acid 
snRNP Small nuclear ribonucleoprotein particle 
TAR Transacting-response 
TEC Transcript elongation complex 
TFⅡ (D, F, H) Transcription factorⅡ(D, F, H) 
















P-TEFb 是由 CDK9 及其调节亚基 Cyclin T1 组成的异二聚体激酶，存在于
所有的真核生物中。研究证明：P-TEFb 是基因转录从起始阶段进入有效延伸阶
段的必需因子, 与艾滋病、心肌肥大和肿瘤发生均有密切关系。在RNA聚合酶
Ⅱ（PolⅡ）介导的 mRNA 转录过程中，P-TEFb 被募集到基因启动子区，通过
磷酸化 PolⅡ及延伸抑制因子，从而刺激全长 mRNA 的高效转录。在细胞内，
P-TEFb 以无活性和有活性（可募集）两种复合物形式存在。本实验室前期系列
的研究发现，细胞在受到外界胁迫因素刺激后，可激活细胞内钙离子-PP2B 及
PP1 信号途径，通过 PP2B 和 PP1 蛋白磷酸酶的协调去磷酸化作用，导致无活
性复合物解体，而释放 P-TEFb。被释放的 P-TEFb 可通过与溴结构域蛋白 4
（Bromodomain-containing protein 4, Brd4）结合而被募集到基因启动子区。然而，
有关 P-TEFb 被 Brd4 蛋白募集到基因启动子区的机理及其信号调控机制，尚不
清楚。本文研究的目的即通过建立合适的染色质分离技术（Chromatin 
fractionation）来研究 P-TEFb 在染色质上募集的调控机制。 
通过文献调研和大量的实验摸索，我们在改进原有 Chromatin fractionation
技术的基础上建立了适合我们研究目的的 Chromatin Fractionation 实验方法，该
方法可将与染色质疏松结合的转录因子和游离于染色质之外的转录因子区分开
来。我们利用该方法发现：在不受外界刺激时，细胞内仅有极其少量（不到 1%）
的 Brd4 游离于染色质之外，约 99%的 Brd4 蛋白与染色质疏松结合，其中仅有少
量的 Brd4 与 P-TEFb 形成复合物。然而，采用 shRNA 抑制 Brd4 表达，则可显
著抑制 P-TEFb 对 PolⅡ的磷酸化作用，表明这部分与 P-TEFb 相互作用的 Brd4
对基因的转录表达具有重要意义，并且提示 Brd4 可能采用动态方式来募集
P-TEFb。采用 UV 或 HMBA 处理细胞，不仅可刺激 Brd4 从染色质上解离下来，
同时也刺激 Brd4 与 P-TEFb 的相互作用、以及 Brd4 对 P-TEFb 的募集作用，表

















UV 或 HMBA 所刺激的 Brd4 与染色质的解离，同时也抑制 UV 或 HMBA 所刺
激的 P-TEFb 与 Brd4 的相互作用，表明 UV 或 HMBA 可通过未知信号途径调控
组蛋白的乙酰化，从而调控 Brd4 蛋白对 P-TEFb 的应激募集作用。采用
HIV-LTR-Luciferase 报告基因稳定整合的 HeLa 细胞株为模型，我们发现 TSA 预

































   P-TEFb, a heterodimer kinase consisting of CDK9 and its regulator CyclinT1, 
exists in all eukaryotic species. P-TEFb has been demonstrated to be a key player in 
the transition from transcription initiation to the productive elongation phase during 
gene transcription. This function has been shown to be the basis of P-TEFb in the 
pathogenesis of AIDS, cardiac hypertrophy and carcinogenesis. During RNA 
polymeraseⅡ(PolⅡ)-mediated mRNA transcription, P-TEFb must be recruited to 
promoters for phosphorylating PolⅡ and negative elongation factors to stimulate the 
high efficient synthesis of full-length mRNA. However, not every P-TEFb is active 
kinase in mammalian cells. In fact, most of P-TEFb are sequestrated into a large 
inactive complex, leaving smaller amount of P-TEFb to be active and recruitable for 
gene transcription. Previous studies of our group have shown that while treating cells 
with stress stimuli, the cellular signal pathways of calcium-PP2B and PP1 could be 
activated and the inactive complex could be disrupted to release core P-TEFb by the 
cooperative dephosphorylation of activated PP2B and PP1 protein phosphatases. The 
released P-TEFb was then recruited to chromatin through the interaction with 
bromodomain-containing protein 4 (Brd4). However, how does Brd4 recruit P-TEFb 
to chromatin and how this recruitment is regulated still remain unclear. The purpose 
of this study is to set up a suitable technique for investigating these questions. 
    By references studying and step-by-step testing, we set a modified chromatin 
fractionation method which is feasible for separating chromatin-associated and 
chromatin-free factors. With this modified method, we found that almost all of Brd4 
are unexpectedly associated with chromatin, leaving less than 1% of Brd4 outside the 
chromatin. Among the chromatin-associated Brd4, only a tiny bit of Brd4 interacts 
with P-TEFb. However, knockdown Brd4 by shRNA could significantly inhibit the 
phosphorylation of PolⅡ, not only indicating the importance of the recruitment of 















This hypothesis was subsequently confirmed by UV and HMBA treatments. Our data 
showed that while treating cells either with UV or HMBA, the Brd4 could be 
dissociated from chromatin, leading the increase of Brd4/P-TEFb interaction and the 
recruitment of P-TEFb onto chromatin. Pre-treating cells with TSA, a specific histone 
deacetylase inhibitor which has been reported to be able to inhibit Brd4 dynamic 
movement on chromatin, both of the UV- and HMBA-stimulated dissociation of Brd4 
from chromatin and interaction of Brd4 with P-TEFb were significantly inhibited, 
indicating that the signal pathway mediated dynamic acetylation-deacetylation of 
chromatin histones plays key role in regulating the recruitment of P-TEFb by Brd4 
protein. Pre-treating HIV-LTR-Luciferase integrated HeLa cells with TSA could 
significantly inhibit HMBA-stimulated HIV transcription, further revealing that the 
dynamic association of Brd4 with aceylated chromatin histones plays key role not 
only in regulating the recruitment of P-TEFb onto HIV-LTR promoter but also in 
regulating HIV transcription. Therefore, our studies have uncovered an 
aceylation-related signal pathway mediated mechanism for regulating P-TEFb 
recruitment on chromatin promoters through the dynamic association of Brd4 with 
acetylated chromatin histones. 














第一章 前 言 
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第一章 前 言 
2 
1.1 真核基因转录 
1.1.1 RNA 聚合酶Ⅱ及其羧基末端的 CTD 结构域 
真核生物细胞中含有三种不同的 RNA 聚合酶，分别位于细胞中不同的位置，
负责不同基因的转录。RNA 聚合酶Ⅱ（PolⅡ）存在于细胞核质之中，主要负责
所有的 mRNA 及一些核小 RNA（sn RNA）的合成。 
酵母的 PolⅡ由 12 个亚基组成，分子量从 8kDa 到 200kDa 不等，其中 大
的亚基称为 Rpb1，在细胞中是高度磷酸化的。PolⅡ大亚基 Rpb1 的 C 末端比
PolⅠ和 PolⅢ 多出一个进化上高度保守的 CTD 结构域，它是由 7 个氨基酸
YSPTSPS（Tyr-Ser-Pro-Thr-Ser-Pro-Ser）构成的重复多肽串连而成。不同种属间
这段多肽重复序列的拷贝数不同，PolⅡ要具备完整功能，其拷贝数也有 低限
度的要求。例如人类细胞能存活至少需 28 个拷贝，酵母为 9 个拷贝，而拷贝数
在 9～20 之间的酵母突变体对低温较敏感，并出现多数基因转录缺陷[7, 8]；仅有
































高度磷酸化的CTD 可以结合RNA 剪辑复合体[30-34]以及与3’末端切除、加polyA 
尾巴相关的蛋白并上调他们的活性[35-38]，从而使新生的mRNA 成熟，转录终止，




图1.1 RNA PolⅡ 调控的真核基因转录循环[39] 
Fig 1.1 Steps of transcription mediated by RNA PolⅡ in eukaryotes 
 
1.1.3 RNA 聚合酶Ⅱ的 CTD 的磷酸化周期 

































图1.2 RNA PolII CTD 磷酸化周期[5, 40] 
Fig 1.2 The phosphorylation cycle of the CTD in the large subunit of RNA PolⅡ 
 
1.2 正性转录延伸因子 b(P-TEFb)的发现及其生物学功能 
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